Following recent claims relative to the question of large anisotropy production in regular bouncing scenarios, we study the evolution of such anisotropies in a model where an Ekpyrotic phase of contraction is followed by domination of a Galileon-type Lagrangian which generates a non-singular bounce. We show that the anisotropies decrease during the phase of Ekpyrotic contraction (as expected) and that they can be constrained to remain small during the non-singular bounce phase (a non-trivial result). Specifically, we derive the e-folding number of the phase of Ekpyrotic contraction which leads to a present-day anisotropy in agreement with current observational bounds.
I. INTRODUCTION
The idea of a non-singular bouncing universe as an alternative to the singular Big Bang paradigm has been attractive on philosophical grounds for a long time. More recently [1, 2] it has been realized that a nonsingular bouncing cosmology with a matter-dominated initial phase of contraction -a "matter bounce" cosmology -may provide an alternative to the inflationary paradigm of cosmological structure formation (see e.g. [3] for recent reviews). Since the curvature perturbation ζ grows on super-Hubble scales in the contracting phase, fluctuations on long wavelengths get boosted by a larger factor than those on small scales. In a matter-dominated phase of contraction the relative enhancement factor is precisely such as to transform an initial vacuum spectrum into a scale-invariant one. Studies in many non-singular models [4] have shown that the scale-invariance of the spectrum of ζ 1 before the bounce is maintained through the bounce on length scales which are larger than the duration of the bouncing phase (the phase in which the violation of the usual energy conditions is localized)
2 . Hence, the matter bounce scenario leads to the same shape of the spectrum of primordial curvature fluctuations on super-Hubble scales as inflationary cosmology. Starting with vacuum initial conditions, the fluctuations are also Gaussian and coherent. A specific prediction of the matter bounce with which the scenario can be dif-ferentiated from inflation is the shape of the bispectrum [12] .
Bouncing cosmologies, however, face several problems. First of all, new physics is required to provide the bounce (a pure GR bounce sourced by a regular fluid also leads to dynamical instabilities [13] , while with a scalar field a positive spatial curvature [14] or non-canonical kinetic term [15] is required). Such new physics can either come from introducing new forms of matter such as phantom or quintom fields [16] , ghost condensates [17, 18] , Galileons [19] , S-branes [20] or effective string theory actions [21] . It can also arise from corrections to Einstein gravity, as e.g. in the non-singular universe construction of [22] , specifically applied to the bouncing scenario in [23] , in the ghost-free higher derivative gravity model of [24] , in terms of torsion gravity [25] , or in Hořava-Lifshitz gravity [26] . Finally, a bouncing phase can also originate from pure quantum cosmological effects [27] ; those also provide a natural framework in which a dust-dominated contraction is easily implemented to yield a scale-invariant spectrum of perturbation [28] .
A more serious problem for bouncing cosmologies is the fact that the contracting phase is unstable to various effects. As discussed e.g. in [29] , many matter bounce models are unstable to the addition of radiation. This arises since the energy density of radiation scales as a −4 , where a(t) is the cosmological scale factor, whereas the density of matter grows as a −3 . In some models (e.g. [16] ) this will lead to a "Big Crunch" singularity instead of a smooth bounce. Some constructions (e.g. those of [18, 22] , [20] and [30] ) are free from this problem. However, a problem for all constructions mentioned so far is the instability to the growth of anisotropic stress, whose associated energy density grows as a −6 . This is the famous BKL instability of a contracting universe [31] .
A solution of this anisotropy problem can be realized in the Ekpyrotic scenario [32] , in which it is postulated that a matter field with equation of state parameter w 1 (where w = p/ρ is the ratio of pressure p to energy denarXiv:1301.4703v2 [gr-qc] 27 Jan 2013 sity ρ) is dominant in the contracting phase 3 . Such an equation of state can be realized by treating the dominant form of matter as a scalar field with negative exponential potential. Since the energy density of the dominant matter then scales with a −q with q 6, anisotropies become negligible and the BKL instability is avoided [37] 4 . In a recent paper [38] , a subset of the present authors introduced a scalar field with an Ekpyrotic potential to construct a matter bounce scenario which is free from the BKL instability problem.
The Ekpyrotic scenario in its original formulation [32] involves a singular bounce. In addition, the curvature spectrum of ζ is an n S = 3 spectrum rather than a scaleinvariant n S = 1 one [39] [40] [41] [42] . Hence, without non-trivial matching of ζ across the bounce, one cannot obtain a scale-invariant spectrum at late time 5 . To solve this problem, a new and non-singular version of the Ekpyrotic scenario [46] was proposed in which a second scalar field is introduced which does not influence the background dynamics but develops a scale-invariant spectrum which starts out as an isocurvature mode but which is transferred to the adiabatic mode during the evolution. The second field can also be given a "ghost condensate" Lagrangian [47] in which case it mediates a non-singular bounce. However, as has been pointed out in [48] , in this "New Ekpyrotic" scenario the anisotropies which are highly suppressed during the contracting phase again raise their head and lead to a BKL instability.
In our previous work [38] , we argued qualitatively that in the model we considered the anisotropies remained negligibly small during the bouncing phase. The reason for the difference compared to what happens in the model of [46] is that in our model the kinetic condensate which grows as the bounce is approached does not need to decrease again by the time of the bounce point. This leads to a shorter bounce time scale and to different dynamics.
In this paper we carefully study the development of anisotropies in the bouncing cosmology with an Ekpyrotic phase of contraction introduced in [38] . We work in the context of a homogeneous but anisotropic Bianchi cosmology in which the scale factors in each spatial dimension evolve independently. We are able to show that no BKL type instability develops, in agreement with what the study of [38] indicated. Our work thus shows that the arguments against non-singular (as opposed to singular) bouncing cosmologies put forwards in [48] do not apply to all non-singular bouncing cosmologies.
The outline of this paper is as follows. In the next section we review the bounce model introduced in [38] and derive the resulting equations of motion for a homogeneous but anisotropic universe. In Section 3 we analytically study the background dynamics in each phase of the cosmological evolution from the initial matter phase of contraction through the Ekpyrotic phase to the bouncing phase and the subsequent fast-roll expanding period. Specifically, we determine the decay or growth rates of the anisotropy parameter in each phase. In Section 4 we solve the dynamical system numerically and present our final results. We close with a general discussion.
A word on notation: We define the reduced Planck mass by M Pl = 1/ 8πG N where G N is Newton's gravitational constant. The sign of the metric is taken to be (+, −, −, −). Note that we take the value of the mean scale factor at the bounce point to be a B = 1 throughout the paper.
II. A NONSINGULAR BOUNCE MODEL
We consider a nonsingular bounce model in which the universe is filled with two matter components, a cosmic scalar field φ and a generic matter fluid, as proposed in Ref. [38] (which, in turn, is based on the theory developed in [49] ). The Lagrangian of φ is given by
where K and G are functions of φ and its canonical kinetic term
while the other kinetic terms of φ include the operator
Variation of the above scalar field Lagrangian minimally coupled to Einstein gravity leads to the following corresponding energy momentum tensor
in which we use the notation that F ,φ and F ,X denote derivatives of whatever functional F(φ, X) may be with respect to φ and X, respectively. For the model under consideration we choose:
where we introduce a positive-definite parameter β so that the kinetic term is bounded from below at high energy scales. Note that the first term of K involves M 2 Pl since in the present paper we adopt the convention that the scalar field φ is dimensionless. The function g(φ) is chosen such that a phase of ghost condensation only occurs during a short time when φ approaches φ = 0. This requires the dimensionless function g to be smaller than unity when |φ| 1 but larger than unity when φ approaches the origin. To obtain a nonsingular bounce, we must make an explicit choice of g as a function of φ. We want g to be negligible when |φ| 1. In order to obtain a violation of the Null Energy Condition after the termination of the Ekpyrotic contracting phase, g must become the dominant coefficient in the quadratic kinetic term when φ approaches 0. Thus, we suggest its form to be
where g 0 is a positive constant defined as the value of g at the moment when φ = 0, and is required to be larger than unity, g 0 > 1.
We have also introduced a non-trivial potential V for φ. This potential is chosen such that Ekpyrotic contraction is possible. It is well known that the homogeneous trajectory of a scalar field can be an attractor solution when its potential is an exponential function. One example is inflationary expansion of the universe in a positive-valued exponential potential, and the other one is the Ekpyrotic model in which the homogeneous field trajectory for a negative exponential potential is an attractor in a contracting universe. For a phase of Ekpyrotic contraction, we take the form of the potential to be
where V 0 is a positive constant with dimension of (mass) 4 . Thus the potential is always negative and asymptotically approaches zero when |φ| 1. Ignoring the second term of the denominator, this potential reduces to the form used in the Ekpyrotic scenario [32] . Both functions g(φ) and V (φ) are shown on Fig. 1 with the parameters used in the later parts of this work.
The term G(φ, X) is a Galileon type 6 operator which is consistent with the fact that the Lagrangian contains higher order derivative terms in φ, but the equation of motion remains a second order differential equation. Phenomenologically, there are few requirements on the explicit form of G(φ, X). We introduce this operator since we expect that it can be used to stabilize the gradient term of cosmological perturbations, which requires that the sound speed parameter behaves smoothly and is positive-definite throughout most of the background evolution. For simplicity, we will choose G to be a simple (6) and (7), with background parameters taken as for the following evolution figures, namely as in Eqs. (65) and (66).
function of only X:
where γ is a positive-definite number.
We now turn to the study of the cosmology of this model. In order to characterize a homogeneous but anisotropic universe, we take the metric to be of the form
where t is cosmic time, σ i are linearly independent at all points in space-time and form a three dimensional homogeneous space.
In the case of a Ricci flat space, one can consider the projection σ i = dx i and thus the metric is of Bianchi type-I form. The factor a(t) can be viewed as the mean scale factor of this universe, and the functions e θi(t) describe the correction of anisotropies to the scale factor. Since the values of scale factors can be re-scaled arbitrarily, one can impose an additional constraint
Then, one can immediately define a mean Hubble parameter as follows,
and the individual Hubble parameters along spatial directions are given by,
where the overdot denotes the derivative with respect to cosmic time t.
Since we are interested in studying anisotropies rather than inhomogeneities we can treat the matter fields to be homogeneous, which implies φ is only a function of cosmic time. Thus, the kinetic terms of the homogeneous scalar field background become
so that, for this background, the energy density of the scalar field is
and the pressure is
as follows by computing the diagonal components of the stress-energy tensor (4). Additionally, the matter fluid contributes its own energy density ρ m and pressure p m , and usually they are associated with a constant equation-of-state parameter w m = p m /ρ m . Namely, for normal radiation, w m = 1 3 , while for normal matter, w m = 0.
To derive the equation of motion for φ, one can either vary the Lagrangian with respect to φ or, equivalently, require that the covariant derivative of its stress-energy tensor vanishes. This yields
where we have introduced
From Eq. (16), it is clear that the function P determines the positivity of the kinetic term of the scalar field and thus can be used to determine whether the model contains a ghost or not at the perturbative level; the function D on the other hand, represents an effective damping term. By keeping the first terms of the expressions of P and D and setting g = 0, one can recover the standard Klein-Gordon equation in the FRW background. Neglecting the other terms is a good approximation when the velocity of φ is sub-Planckian. Note that the friction term D contains the contributions from anisotropic factors and matter fluid, which can be suppressed for small values ofφ. However, these terms will become important during the bouncing phase whereφ reaches a maximal value. For simplicity, in the following we will consider matter fluid is cold and thus w m = 0. Finally, we can write down Einstein equations in this background, given by
Once expanded in components, this tensor equation yields the effective Friedmann equations,
where ρ T and p T represent the total energy density and pressure in the Bianchi type-I universe, i.e., the sum of the contributions of the scalar field and the fluid. Moreover, combining the spatial component of Einstein equation with the constraint equation (10) yields
from which it follows thaṫ
where a B is the mean scale factor of the universe at the bouncing point. The coefficients M θ,i are integral constants with a dimension of mass. According to the constraint equation (10) , one can read off that
Plugging Eq. (23) into Eq. (20) shows that one can introduce an effective energy density of anisotropy
whose evolution as 1/a 6 implies an effective equation-ofstate parameter equal to w θ = 1. We see that this effective energy density increases faster than that of pressureless matter or radiation in a contraction universe. This is the source of the BKL instability of the contracting phase of many bouncing cosmologies.
III. BACKGROUND EVOLUTION
The initial conditions of our model are chosen (as in [38] ) such that we start in a contracting phase dominated by regular matter. Since the energy density of the Ekpyrotic scalar field φ grows faster than that of regular matter, φ will at some time begin to dominate the energy density. At this point, the Ekpyrotic phase of contraction begins, and lasts until the nonsingular bounce interval begins (this is the phase where the new physics effects dominate), followed by a period of fast-roll expansion, which in turn ends at a transition to the expansion of Standard Big Bang cosmology. We choose the initial conditions for the density of regular matter and for the value of φ such that the temperature at which the Ekpyrotic phase begins is higher than that at the time of equal matter and radiation in the Standard Big Bang expanding phase. In this way, we ensure that initial vacuum perturbations develop into a scale-invariant spectrum of cosmological fluctuations on all scales which are currently probed.
In the following we study the evolution of the anisotropy in each of the periods of cosmological evolution mentioned above.
A. Matter contraction
We start by considering the period when the universe is dominated by a pressureless matter fluid, i.e., when the background equation of state parameter is roughly w = 0. In this phase, the mean scale factor evolves as
where t E denotes the final moment of matter contraction and the beginning of the Ekpyrotic phase, and a E is the value of the mean scale factor at the time t E . In the above,t E is an integration constant which is introduced to match the mean Hubble parameter continuously at the time t E , i.e.,t
Correspondingly, the mean Hubble parameter during the period of matter contraction is given by
Following Eq. (23), one can immediately write down the time derivatives of the anisotropy factors as followṡ
(30) From Eq. (30), we can observe that the anisotropy factors θ i approach zero in the limit of t → −∞. As the universe contracts with a matter-dominated equation of state, the absolute value of H increases and thus θ i becomes larger as well.
Before the Ekpyrotic phase, the universe is dominated by the pressureless matter fluid and the energy density of normal matter fluid evolves as ρ m 3M
2 Pl H 2 . However, Eq. (29) shows that the effective energy density of anisotropies evolves as ρ θ ∼ H 4 and will therefore come to dominate. This is nothing but another way of stating the BKL instability in a contracting matter-dominated universe. In the following we will see that the Ekpyrotic phase of contraction cures this problem. However, in order to be able to enter this phase, the initial anisotropy cannot be too large for the model not to break down altogether. The requirement is that ρ θ is less than ρ m at the transition time t E , which implies
a requirement which we implement in our numerical discussion below.
Let us now move on to the discussion of the evolution of the anisotropy factors during the Ekpyrotic phase of contraction.
B. Ekpyrotic contraction
We assume a homogeneous scalar field φ which is initially placed in the regime of φ −1 in the phase of matter contraction. In this case, the Lagrangian for φ approaches the conventional canonical form and thus yields an attractor solution which is given by
wheret B− is an integration constant which is chosen in order that the mean Hubble parameter at the end of the phase of Ekpyrotic contraction matches with the one at the beginning of the bouncing phase. This attractor solution corresponds to an effective equation of state
During the phase of Ekpyrotic contraction, the mean scale factor evolves as
where a B− is the value of mean scale factor at the time t B− which corresponds to the end of Ekpyrotic contraction and the beginning of the bouncing phase. Therefore, the mean Hubble parameter is given by
where, in order to make H(t) continuous at the time t B− , one must sett
Additionally, we require the mean scale factor to evolve smoothly and continuously at the time t E . This leads to the relation
Given these preliminaries, we find that the time derivatives of the anisotropy factors evolve aṡ
and thus the effective energy density of anisotropy evolves as ρ θ ∼ H 6q . Hence, whereas ρ θ still increases during the phase of Ekpyrotic contraction, the growth rate is much slower than in the matter-dominated phase (given the small value of q). In particular, the energy density in φ increases much faster than that due to the anisotropies: the BKL instability is tamed in this manner by the Ekpyrotic contraction phase.
Integrating the above expressions forθ i we obtain
From the expression (39) we see that the absolute values of β i are monotonically increasing when cosmic time t evolves from t E to the onset of the bouncing phase at time t B− . However, they very rapidly converge to their limiting values, and since any constant part of the anisotropy factors can be absorbed in a rescaling of the spatial coordinates, it turns out that the actual anisotropy, effectively measured as the distance to an effective FLRW space, is effectively decreasing as the amplitude of the mean Hubble parameter increases: the Ekpyrotic phase thus provides a simple solution to the BKL instability growth in a contracting phase.
C. Bounce phase
In our model the scalar field evolves monotonically from φ −1 to φ 1. For values of φ between φ − ∼ − p/2 ln(2g 0 ) and φ + ∼ p/2 ln(2g 0 )/b g (assuming one term in the denominator of g(φ) dominates over the other at each transition time), the value of the function g(φ) becomes larger than unity and thus the universe enters a ghost condensate state. The occurrence of the ghost condensate naturally yields a short period of null energy condition violation and this in turn gives rise to a nonsingular bounce.
As shown in Ref. [38] , we have two useful parameterizations to describe the evolution of the scale factor in the bounce phase. One is the linear parametrization of the mean Hubble parameter
and the other is the evolution of the background scalaṙ
where the coefficient Υ is set by the detailed microphysics of the bounce. The coefficient T can be determined by matching the detailed evolution of the scalar field at the beginning or the end of the bouncing phase, which will be addressed in next subsection. Thus, during the bounce the mean scale factor evolves as
Note that a nonsingular bounce requires that the total energy density vanishes at the bounce point. The total energy density includes the contributions from the matter fields and the anisotropy factors. This leads to the following result for the value ofφ Ḃ
where we have made use of approximations that ρ m and ρ θ are much less than V 0 and V 0 M 4 Pl in the second line. These approximations must be valid for the model to hold since both ρ m and ρ θ are greatly diluted in Ekpyrotic phase and V 0 is the maximal absolute value of the potential of φ which, according to the observational constraint from the amplitude of cosmological perturbations, must be far below the Planck scale. Now we calculate the anisotropy factors in the bouncing phase. We first study their time derivatives, which are given byθ
Thus we see that the integration constants M θ,i can be interpreted as the values ofθ i at the bounce point t B = 0, and they are the maximal valuesθ i will ever take throughout the whole cosmic evolution. It is again easy to perform the integrals and obtain the anisotropy factors:
where Erf is the Gauss error function. Around the bounce point, we can perform a Taylor expansion of (45) up to leading order and thus obtain the following approximate expression,
which is a linear function of cosmic time. We find that the growth of the anisotropy at linear order only depends on the coefficients M θ,i . However, at nonlinear order in cosmic time, the growth would also depend on the slope of the bounce phase characterized by the parameter Υ. Finally, we have the relations
by matching the mean scale factor and the mean Hubble parameter at the beginning of the bouncing phase.
D. Fast-roll expanding phase
After the bounce, the universe enters the expanding phase, which typically begins with a period of fast-roll expansion for the background during which the universe is still dominated by the scalar field φ. During this stage, the motion of φ is dominated by its kinetic term while the potential is negligible. Thus, the background equation of state parameter is w 1. Correspondingly, the mean scale factor evolves as
where t B+ represents the end of the bounce phase and the beginning of the fast-roll period, and a B+ is the value of the mean scale factor at that moment. Then one can write down the mean Hubble parameter in the fast-roll phase
and the continuity of the mean Hubble parameter at t B+ yieldst
Recall that, in Eq. (41), we made use of a Gaussian parametrization of the scalar field evolution in the bounce phase, with characteristic timescale T . In the fast roll phase we find the following approximate solution for the evolution of φ:
where we have applied (41) in the second equality. This implies that
Moreover, the Friedmann equation requires that ρ φ 3M
2 Pl H 2 in the fast-roll phase, so that T 2 is given by
During the fast-roll expansion epoch, one can solve for the time derivatives of the anisotropy factorṡ
from which it follows that the effective energy density of anisotropy evolves as
, and thus its ratio relative to the total energy density does not change (recall that the absolute value of this ratio is also very small because of the decrease of the shear contribution during the Ekpyrotic phase of contraction discussed above). On the other hand, the matter fluid, having w m = 0, sees its energy density going as ρ m = ρ m,B+ H/H B+ , and therefore its contribution to the background will catch up with that of the scalar field and the anisotropy, bringing the fast roll phase to an end and initiating the transition to the usual expansion history of Standard Big Bang cosmology.
The anisotropy factors in the fast roll phase are given by
so they are safely growing only logarithmically during this phase. To conclude this section, it is clear that the anisotropy contribution can easily be made to remain small throughout the entire evolution, i.e. including the matter contraction and the bounce phases. We now turn to the actual constraints that should be imposed on the parameters of our model.
E. Theoretical constraints
In this subsection, we study the theoretical constraints on the scenario of anisotropic nonsingular bounce. It is convenient to introduce an effective e-folding number of the Ekpyrotic phase as follows
which characterizes the variation of the mean value of the conformal Hubble scale aH during this period.
Recall that the anisotropy is not allowed to dominate before the onset of the Ekpyrotic phase. This is the constraint (31) . Applying (37) and (57), we can further derive the following relation for the anisotropy at the bounce time:
which is, as expected, exponentially suppressed by the number of e-foldings of Ekpyrotic contraction. Note that one can introduce a relative density parameter to describe the contribution of the anisotropies as follows
This parameter must be less than the amplitude of the observed anisotropies in the cosmic microwave background (CMB), which is of order Ω pert ∼ O(10 −5 ), hereby defining Ω pert as the amount of energy density in perturbations, as given by CMB observations. This leads to the following constraint on the number of e-foldings
where we have made use of (55). Provided that this constraint is satisfied, the current anisotropy will be below the current upper bound provided that it was initially small enough not to prevent the onset of Ekpyrotic contraction. Combining this inequality and the approximate relation (58), we can obtain a lower bound on the e-folding number of the Ekpyrotic phase
Note that the nonsingular bounce model studied in the present paper belongs to "fast bounce" category and the absolute values of H B− and H B− are of the same order. Thus, we can simply consider H B− to be the energy scale of the bounce. As an example, if we choose q = 0.1 and Ω pert = 10 −5 , then the relation (61) yields N E > 7.4. This result implies that the Ekpyrotic phase is rather efficient at lowering the contribution of anisotropies since a mere few e-folds of Ekpyrotic contraction are enough to damp any reasonable initial anisotropy to negligible level.
Note that the e-folding number N E can also be constrained on observable scales of CMB experiments, and we expect this may impose a much more stringent constraint on the anisotropy parameters. For that, one could require that the anisotropy contribution be smaller that the observed level of perturbations, namely Ω pert ∼ 10 −10 . It is interesting to note that increasing the Ekpyrotic efold number to, say, N E ∼ 15 while keeping q ∼ 0.1, leads to relation (31) to yield Ω θ ∼ 10 −10 ∼ Ω 2 pert Ω pert . This means that after a sufficiently long Ekpyrotic contraction, the anisotropy contribution is totally negligible, even compared with the amplitude of primordial perturbations. At this particular level however, the anisotropy contribution could be comparable to second order in terms of the primordial curvature perturbation expansion, and thus could contribute to the primordial nonGaussianities of local shape with f NL ∼ O(1).
If one wants to make successful contact with late time cosmology, there is a second constraint that should be implemented on the model, namely that the fast roll phase ends before the time of Big Bang Nucleosynthesis (BBN). Roughly speaking, the energy density of regular matter does not change much during the phase of Ekpyrotic contraction (for small values of q). On the other hand, the density of φ grows rapidly. In the fast roll phase of expansion, the decrease in the density of regular matter is no longer negligible. Hence, the energy density of matter will be much lower at the time t F when ρ m (t F ) = ρ φ (t F ) than at the time t E when Ekpyrotic contraction begins. In fact, it is straightforward to derive that
showing that the value of H F should be much less than |H E |. The Hubble rate H F is associated with the initial temperature T F when the expansion begins to follow the Standard Big Bang evolution (it is the equivalent of the temperature of reheating in inflationary cosmology). Specifically, the relation is
where g s is the effective partible number for radiation. As a consequence, in analogy with inflationary cosmology, the constraint (62) leads to an upper bound on the effective "reheating" temperature:
in our nonsingular bounce model. From the BBN constraint, we find that the lower limit of the "reheating" temperature is of the order O(MeV). If we consider this lower bound and take g s ∼ 100, N E ∼ 30 and q ∼ 0.1, then we find that H B+ > 10 −17 M Pl which can easily be implemented in the model, as we shall see in the following numerical calculations. 
and choose as the initial conditions for the scalar field the following:
The actual computation also requires the initial value of the mean Hubble parameter, which is determined by imposing the Hamiltonian constraint equation. Figs. 2  and 3 show the evolution of the Hubble parameters and "effective" energy densities for matter components and for the anisotropy, respectively. From Fig. 2 , one can see that Hubble parameters along all spatial coordinates evolve smoothly through the bouncing point with an approximate dependence on cosmic time which is linear. The maximal value of the mean Hubble parameter, which we denote as the bounce scale H B , is mainly determined by the value of the potential parameter V 0 . Specifically, H B is of order O(10 −4 M Pl ) in our numerical result. We also note that the bounces occurring in the three spatial directions do not occur at exactly the same moment -a consequence of the existence of anisotropy. This could leave a smoking gun signature for detecting nonsingular bounce cosmology in high accuracy CMB experiments since the difference in the times of the bounces along various spatial coordinates would affect the ultraviolet (UV) modes of primordial perturbations passing through the bouncing phase. We leave this issue for a forthcoming investigation.
From Fig. 3 , one can easily see that the universe in our model experiences four phases, which are matter contraction, Ekpyrotic contraction, the bounce, and fast-roll expansion, in turn. At the beginning, the universe is dominated by the matter fluid. At some point (time t E ) during the phase of contraction, the contribution of the scalar field becomes dominant, and the universe enters the Ekpyrotic phase. Note that the effective energy density of anisotropies grows faster than ρ m but slower than ρ φ during the matter contraction phase. Thus, if ρ θi does not dominate over the background before t E , it will never become dominant throughout the whole evolution, as already discussed in the previous sections. After the (66), and initial conditions as in (67). The main plot shows that a nonsingular bounce occurs, and that the time scale of the bounce is short (it is a "fast bounce" model). The inner insert shows a blowup of the smooth Hubble parameters during the bounce phase: this zoomed-in view of the Hubble parameters around the bounce point shows that the Hubble rates vanish at different times, so that the scale factors bounce at different times as well. bounce, the scalar field φ enters a fast roll phase with an effective equation of state equal to unity. As a consequence, the energy densities ρ φ and ρ θi dilute at the same rate, and finally the matter fluid catches up with the density of φ at the time t F . Fig. 4 shows the evolution of the anisotropy factors θ i and their time derivatives. Although the anisotropy functions grow during the contraction, they evolve towards constant values in the expanding epoch. Therefore, after the time t F , one can rescale all scale factors by absorbing the asymptotic factors in a redefinition of the coordinates, and we finally get an isotropic universe. It implies that at the level of homogeneous cosmology the anisotropies do not destabilize our nonsingular bounce model. This can also be read from the upper panel of Fig. 4 which shows thatθ i approach zero after a sufficiently long period of expansion. In order to better characterize the anisotropy quantitatively, we can define the so-called shear parameters
and the density parameters
where the subscript "I" represents φ, m and θ, respectively. Fig. 5 shows the numerical solution we obtained for their time development. The shear functions increase up to their maximal values at the bounce point, after which they rapidly decrease to end up vanishingly small when the universe connects with the Standard Big Bang evolution. From the evolution of the density parameters, we see that the contribution of the anisotropy only grows relative to the dominant density in the phase of matter contraction, but it then rapidly decreases in the Ekpyrotic phase and in the fast roll phase. Note that all numerical calculations shown here are meant to illustrate the discussion of the previous sections. Indeed, the parameters chosen do not satisfy the bounds imposed by CMB observations, so the effects of setting non vanishing initial anisotropies can be enlarged so as to be visible at all. Assuming parameter values taking into account the experimental constraints would lead to figures exactly similar to those obtained for a regular isotropic bouncing model.
IV. CONCLUSION AND DISCUSSION
We have studied homogeneous but anisotropic cosmological solutions of the Galileon type action with an Ekpyrotic scalar field potential, as originally introduced in [38] . The model was constructed to yield non-singular isotropic bouncing cosmological solutions. In general, the contracting phase of a bouncing cosmology suffers from a BKL instability against the growth of anisotropies. By studying the solutions of Bianchi-type homogeneous solutions in which the scale factors in different spatial dimensions are allowed to be independent we have studied the evolution of the anisotropies in our model. We have shown that the anisotropies are damped in the phase of Ekpyrotic contraction, as was already conjectured on qualitative grounds in [38] . They remain small during the non-singular bounce phase, and are further suppressed once space begins to expand again. This (counter) example shows that a no-go theorem concerning smooth bounces cannot be formulated, at least in terms of BKL instabilities.
It would be of interest to study the evolution of linearized inhomogeneities in our anisotropic background and to see if there are any late time signatures of the initial (pre-Ekpyrotic) contracting phase when the anisotropies might be quite large. This is left for future work.
